ABSTRACT. Future global carbon (C) cycle dynamics under climates altered by increased concentrations of greenhouse gases (GHGs) will be defined in part by processes which control terrestrial bios p h e r~c C stocks and fluxes. Current research and modeling activities which involve terrestrial C have focused on the response of unmanaged vegetation to changing climate and atmospheric chemistry. A common conclusion reached from applying geographically explic~t terrestrial carbon models is that more C would be stored by equilibrium vegetation controlled by a stable GHG-warmed climate than by equihbrium vegetation under the current (stable) climate. We examined the potential Impact on the terrestrial C cycle if global agriculture were to increase to the limits permitted by future GHG-induced climates. Climatic limits to global agricultural zones were determined, the new climatic limits to agricultural zones projected, and the amount of C the terrestrial biosphere would store under the new climate and agricultural conditions was calculated. We conclude that following a warming loss of C from agnculture could be as important as gain of C by climate effects. As much or less C would be stored by a terrestrial biosphere in which agriculture reached its new climatic limits as is stored by the current biosphere in which agriculture reaches its climatic lim~ts. We project that agnculture alone could produce a C source of 0.3 to 1.7 Pg yr-' if doubling of GHGs required 50 to 100 yr The gains in agnculture would occur almost entirely in the developed countries of high latitudes, and the losses, in the less developed countries of the lower latitudes.
INTRODUCTION
Current concern is focused on the consequences of changing climate and atmospheric chemistry on the functioning of global ecosystems. That climate may change seems less relevant to human life and activity until one realizes that the ecological systems of the world (both natural and agroecosystems) are largely dependent upon the climatic status quo. Then, it becomes obvious that accurate predictions of biospheric response to changing climate and atmospheric chemistry are the essential basis for decision making on policies designed to ameliorate or avoid climate change effects (IPCC 1992) .
In addition to their role in human well-being, global ecosystem responses must be predicted to define their future role in the global carbon (C) cycle (Solomon & Cramer 1993) . Some processes and regions act to store additional C (e.g. Solomon 1986 ) while others act to emit C from the biosphere (e.g Trabalka & Reichle 1986) . At present, the terrestrial biosphere may be anything from a significant net source of C which would amplify present and future warming (Houghton & Woodwell 1989 ) to a significant net sink which would reduce present and future warming (Tans et al. 1990 ). The role of agricultural land uses in reducing C storage is important today (e.g. Clark et al. 1986 ) and seems likely to be more important in the future if population continues its 35 to 40 yr doubling rate and warming increases the area of arable land in high latitudes.
Research aimed at defining and predicting vegetation response to climate change is an active field. Several innovative contributions to predicting the transient dynamics and/or geographic distribution of global-scale vegetation response have been published or submitted recently (e.g. Prentice et al. 1993a , Neilson et al. 1993 , Smith & Shugart 1993 . Generally, the objectives of the models fall into 2 distinct areas (Prentice & Solomon 1990 ): dynamic models which abstract mechanistic processes and projections of future climate to predict changing temporal distributions of vegetation, and static models which use coincidence of geographic distributions of climate and vegetation with future climate projections to predict changing spatial distributions of vegetation.
Most of the dynamic models in use (e.g. Solomon 1986 , Prentice et al. 1992b , 1993a build upon the initial gap model approach developed by Botkin et al. (1972) . These models use mechanistic relationships between environmental forcing, and physiological response at the level of forest stands, to follow the temporal succession of tree establishment, growth, and mortality in the continuous competition for sunlight. Thus, the models can predict lagged effects of rapid climate change, induced in particular by the slow growth to reproduction of long-lived trees. Detailed knowledge and data on life histories of individual species are required to parameterize the models, precluding their use to date in globally comprehensive model projections.
The more common static models generally project future vegetation distribution from climate predictions or scenarios generated by circulation models of the global atmosphere. The climate estimates are transformed into vegetation responses from correlations between geographic data sets on physical environmental variables (climate, soils, landforms) ecosystems, e.g. Neilson 1987 , Sargent 1988 biomes, e.g. Emanuel et al. 1985 , Prentice et al. 1992a physiognomic types, e.g. Woodward 1987 , Neilson et al. 1993 .
It is important to emphasize that these models provide only one half of the information sought by their application. They illustrate the regions where current mutually exclusive combinations of vegetation and climate CO-occur in the future, and hence, where current vegetation classes must deteriorate and disappear. As a rule, the models are incapable of accurately projecting the vegetation which would replace the vulnerable classes because the models do not consider the successional and migrational lags inherent in each wildland species. These lags define the rate at which new species and communities can appear in a region and become established and reproduce there.
A possible exception to this rule involves climate effects on the distribution of agroecosystems (Rosenberg 1982) . Some workers expect agriculture to adjust within a few growing seasons to shifting boundaries of climatic limits to agronomic crop growth, both by the harvest of crop varieties in newly available regions in which they have never been successful (Decker et al. 1988 , Parry & Carter 1988 and by the development of new crop varieties which can thrive under previously hostile conditions (Crosson 1989 , Rosenberg 1991 . Here, both the losses by one set of agronomic crops and the gains by introduction of different crops in a region can be estimated with some degree of confidence (e.g. Leemans & Solomon 1993, this volume, p. 79-96) . There still seems to be no means to predict the role in future agriculture of increasing agricultural technology, or the genetic innovations in crop varieties.
Analysis reported in this paper estimates future shifts in global terrestrial carbon stocks based on static models that include both natural and agricultural systems. The estimates are derived from the Biome model of Prentice et al. (1992a) , modified by the presence of a climate envelope within which current non-irrigated agriculture is confined. The specific objectives of this analysis are 2-fold: (1) estimate the difference between current potential agricultural land area and the area which will be available for farming because of predicted changes in global climate, and (2) explore the implications of the projected changes in agricultural area to the global balance between C storage and release.
METHODS
Global vegetation model. The Biome model was described by Prentice et al. (1992a) and only its relevant characteristlcs will be reviewed here. The model uses soil properties and climate to select the plant functional types (PFTs) which can occur in any terrestrial, ice-free location on the globe. The initial climate data sets were gridded at 0.5 X 0.5 degrees of latitude and longitude, although any scale of climate data distributions can be used (Leemans & Cramer 1991) . The climatic requirements for each PFT were defined as a minimal set of threshold values gathered from the ecophysiological literature.
The parameters used differ from one PFT to another, allowing more than one PFT to occupy the same climate space. Certain PFTs which climate allows to grow together do not coexist, however, because of competitive exlusion directed by differences in productivity. This is formalized as a dominance hierarchy, defining which PFTs will outcompete others. Thus, for example, conifers will be outcompeted and disappear where climate allows growth of both warm-temperate evergreens and cool-temperate conifers.
The set of PFTs which can occur in a given region define the 'Biomes' which will occupy the region. In some cases, only one PFT defines the Biome (e.g. tropical rain forest from tropical evergreen PFT), while in other cases, the coexistence of multiple PFTs are needed (e.g. taiga consists of a boreal evergreen conifer PFT plus a boreal summergreen PFT). Unlike most other vegetation-oriented climate classifications, the definition of PFTs as entities with overlapping niches, and Biomes as free associations among PFTs, allows the Biome model to recombine PFTs to form Biomes not found on the modern landscape. This property is in keeping with the documented propensity of biomes (specified combinations of species and genera) to assemble and disassemble, as has occurred over the space of a few millennia in the past (e.g. Webb 1987 , Overpeck et al. 1991 , and with the likelihood that biomes will be required to do so in shorter periods under global warming in the future.
Agricultural component of global vegetation model. For this study of both the natural and landuse induced distribution of global vegetation, we sought a set of climate variables which could reproduce the geographic pattern created by the agricultural areas defined by Olson et al. (1983) . These had been excluded from the Biome model (Fig. 1) Olson et al. (1983) region were much less successful because of the differences in effects on woody plants by the winter climate of coastal regions compared to that of continental interiors ( Fig. 5 in Solomon et al. 1984) . Apparently, agronomic crops are immune to the winter low temperature differences because their seeds are not stored in the soil in winter.
The dry boundaries of agricultural land coincide with a Priestley-Taylor ratio (Cramer & Prentice 1988) of actual to potential evapotranspiration (AET: PET) of about 0.45. That is, when the soil moisture available for evapotranspiration (AET) is less than half of the demand for moisture (PET) during the growing season, intensive agriculture cannot be carried out without irrigation. This value coincides closely with the relatively convoluted dryland boundaries of agriculture in temperate and subtropical areas (e.g. central North America, eastern Europe and western Asia).
In subtropical and tropical regions of greater moisture availability, cold growing seasons are unknown and most land would be classed as agricultural. Yet. clearly, many soil systems within tropical latitudes do not support intensive agriculture (Fig. 1 ). This is evident even under definitions of agricultural land which include much less intensively farmed areas, as do the several classes of agriculture intensity illustrated by Matthews (1983) . Low human population densities and reliance on subsistence farming techniques may account for much of the discrepancy. However, lateritic soils with little organic matter and low nutrient concentrations (e.g. Zinke et al. 1984 ) may also play a significant role. These soil properties are characteristic of regions in which large amounts of rainfall and warm year-round temperatures promote high rates of nutrient uptake and rapid metabolism of soil organic matter by respiration among soil microorganisms.
Following this logic, we examined the global distribution of high Priestley-Taylor values (as indicators of generous moisture supplies throughout the year) and of warm winter temperatures (as indicators of warm conditions throughout the year). We found that much of the geography of tropical and subtropical farming in the agriculture maps of both Olson et al. (Fig. 1) and Matthews (1983) is retained by eliminating as farmed land those areas in which 2 conditions coincide: the coldest monthly temperatures are above 15.5 ' C when the Priestley-Taylor ratio is above 0.70. These are essentially the moist and wet tropical forest areas which our atlases illustrate to be carrying as high a human population density as adjacent, dryer or cooler, intensively farmed areas. In these areas, too much moisture becomes limiting due to its ability to leach nutrients, which in turn are rapidly made available from plant detritus by the constant presence of warmth and moisture.
The boundaries of 'agricultural land' which result from application of these climatic threshold values ( Fig. 2) are a reasonable match to the geographic distributions of land uses mapped by Olson et al. (1983) which it was developed to mimic ( Fig. 1) . The agricultural land patterns of the temperate regions, in particular, are closely matched by the climatic envelope. Indeed, these defined and actual patterns compare much more favorably than do those pairs of wildland vegetation biomes defined by the Biome model and documented by Olson et al. (cf. Fig . l a to d in Prentice et al. 1992a) .
Certainly, the map of potential agricultural land is not entirely satisfactory. Most obviously, it contains a land area (41.53 X 106 km2) about 40 % greater than the land use areas defined by Olson et al. (25. 12 X 106 km2), and 23 % greater than the range of agricultural areas defined by Matthews (32.05 X 106 km2). The Olson et al. data furthermore contained irrigated agriculture amounting to about 16 % of agricultural land. Our objective was to define the area in which climate is not limiting to the practice of nonirrigated agriculture, i.e. the area of potential agriculture. However, the potential rarely is matched by a realized area of agriculture. Within the climatic envelope we defined, agriculture is additionally limited by the amount of land humans actually choose to use versus those left to natural vegetation, by the level of technology employed to develop farmed lands, by the depth and fertility of soils, by drainage and landforms, and by other non-climatic variables.
We therefore calculated agricultural area as (1) sparse agriculture, that is, 50.5 % of the area within the climate envelope, matching the Olson et al. agriculture density. This calculation assumes current agricultural intensity will be unchanged in the future. We also calculated (2) dense agriculture, that is, the total area within the climatic envelope. This area represents all land which climate would allow to be farmed, as though other considerations do not reduce the maximum potential area. Because increasing population densities are likely to enhance the intensity of agriculture in the future, we suggest that a realistic value of future agricultural land lies between the sparse and dense agriculture values.
Model exercise methods. The Biome model with and without the agricultural climate envelope was used to project a current distribution of biomes based on the 62483 cells in the IIASA half degree latitude and longitude gridded climate data set (Leemans & Cramer 1991) . The climate data used for each cell include longterm monthly means of temperature, rainfall and percent sunshine interpolated from a global network of meteorological stations From these values, estimates of summer and winter temperature, annual growing exclud~ng areas where (3) January temperature is greater than 15.5"C and Priestley-Taylor ratio is greater than 0.70 degree days, and potential and actual evapotranspiration were generated, based on the methods of Prentice et al. (1992a) . Soils data consisted of soil water storage capacity, derived from soil texture classes of Zobler (1986) as described by Prentice et al. (1992a) . The Biome model also projected the distribution of biomes under the climate projected by atmospheric general circulation models (GCMs) from a doubling of greenhouse gas concentrations. We followed the procedures developed by Leemans (1989) , Smith et al. (1992) , Prentice & Sykes (1993) , and others, by applying gridded climate differences (anomalies) between GCM runs at 1 X CO2 and at 2 X CO2 to the observed gridded climate variables.
The Biome model was run, based on differences between current ( l X CO2) and 2 X CO2 climates simulated by 4 separate GCMs of the atmosphere: the United Kingdom Meteorological Office model (UKMO) of Mitchell (1983) ; the Princeton Geophysical Fluid Dynamics Laboratory model (GFDL) of Manabe & Wetherald (1987) ; the Goddard Institute for Space Studies model (GISS) of Hansen et al. (1988) ; and the Oregon State University model (OSU) of Schlesinger & Zhao (1989) . These are listed in order of decreasing impact of their 2 X CO2 minus l X CO2 differences. The UKMO and GFDL scenarios ('extreme scenarios'), 2 closely related models, project large climate changes overall and the GISS and OSU scenarios ('moderate scenarios') predict more moderate changes. All 4 scenarios differ significantly in the details of the geographic distribution of climate changes they predict, particularly for precipitation.
Each of the climate scenarios was originally developed to emphasize one or another set of processes, primarily, dynamic processes in the upper atmosphere (Schlesinger & Mitchell 1985) . Hence, their behavior with respect to reality at ground level differs, but not in a manner which permits their simple characterization as, for example, most appropriate or least appropriate for our purposes. The climate envelope would be most useful when used with GCMs which reproduce observed patterns of summer temperatures and precipitation at high and mid latitudes, and of winter temperatures and annual precipitation at low latitudes. Boer et al. (1991) tabled comparisons between 3 of the GCMs (GISS was not included). These data indicated that the GFDL model was best at reproducing summer temperatures at high and mid latitude, followed closely by the OSU GCM. GFDL was also strongest in reproducing summer precipitation in mid and low latitudes, while either UKMO or OSU did best in simulating winter temperatures at low latitude. Analyses by Gates et al. (1990, Table 4 .2) which included all 4 models covered only 5 selected mid-and low-latitude regions and no high latitudes. Those data indicate that GISS, among the 4 models, produced the best simulation of observed mid-latitude summer temperature values, and of observed mid-latitude summer precipitation values. Kalkstein (1991) reported and illustrated linear transects comparing modeled and observed climate for all 4 GCMs. The GISS model performed best for temperature, OSU was best at reproducing precipitation patterns, but the GFDL model was second best in both categories, and hence, could be considered the best model at replicating the complete suite of climate variables.
Carbon content of above-ground biomass and below-ground soils was estimated for each biome and for agricultural land in each model run. The range of biomass C values calculated by Olson et al. (1983) and of soil C values tabulated by Zinke et al. (1984) linked biomes with C storage values (Table 1) . Agricultural land, which replaced biomes after their distribution was projected, was assigned an above-ground biomass C content of zero. In keeping with the estimates of Mann (1986) , soil retained 80 % of the carbon assigned to soil in each biome.
RESULTS
The analysis first considers the shifts of land areas suitable for intensive agriculture, then examines the implications of the changes for future C storage in the terrestrial biosphere (Tables 2 & 3 and Figs. 3 to 6 ).
Changes in area
The total area of agriculture increased with all chmate scenarios, from about 18 % under the OSU climate to about 38 % under the UKMO climate ( Table 2) . Inspection of the gains and losses producing the individual area1 changes reveals important differences among the 4 cases. The moderate climate scenarios (OSU, GISS) produce notably less gain in agricultural area than do the severe scenarios (UKMO, GFDL), but surprisingly, the moderate scenarios lose more agricultural land than do the severe ones. Examination of the geographic patterns of agricultural land gain and loss (Figs. 3 to 6) indicates no systematic differences among the scenarios in land loss. The moderate scenarios project losses of agricultural land south of sub-Saharan Africa, and all 4 indicate large declines in the granaries of the Pampas in northeastern Argentina and, for GISS and UKMO, in adjacent Uruguay. OSU alone among the 4 produces large losses of marginal agricultural land in eastern Brazil (Caatinga) where today only cattle ranching occurs, and in Thailand in areas which support intensive subsistence farming, but little largescale rice (Oryza sp.) production (Fig. 3) . The UKMO scenario is also singular in producing losses of marginal non-irrigated agricultural land in the grainproducing states of Colorado, Wyoming and Montana, USA, and adjacent Saskatchewan, Canada (Fig. 6) . The regions which gain agricultural land are considerably easier to recognize. These are the southern and central boreal forest regions of Canada, Europe and Asia under the moderate scenarios (Figs. 3 & 4) , and about twice as much area, i.e. almost the entire circumpolar boreal forest region of today, under the severe scenarios (Figs. 5 & 6) . Both GFDL and UKMO scenarios project potential agricultural land covering all of Scandinavia and most of Europe to the Arctic Circle, Siberia west of the Ural Mountains, including most of Yakutia, the majority of Alaska, and most of the Ungava Peninsula of Labrador. Elsewhere, the 2 moderate scenarios project an approximate doubling of agricultural land in northern Australia, while neither severe scenario suggests any change there.
One unanswered question involves effects on current vegetation of future agriculture. What if slow plant migration rates precluded any change in the geography of current biomes by the time a climate induced by CO2 doubling appears? What if, in addition, agriculture responded to that climate change almost instantaneously as many agronomists believe it can? The major changes in areas occupied by agriculture under these circumstances include agriculture increases from about 5 % to between 26 % (OSU) and 42 % (GFDL) of the circumpolar taiga area, from 35 % to 51 % (all scenarios) of cool conifer forest (the southern Taiga of Europe and Siberia, and southern boreal forest of eastern North America), and from 7 % to between 20 % (GISS) and 32 % (UKMO) of the cool deciduous forest found primarily in central Siberia. Agriculture declines from 50 % to between 30 % (UKMO) and 38 % (GFDL) in areas now occupied by broadleaved evergreen forest. 
Changes in C stocks
The range of potential terrestrial C pools (Table 3 ) is estimated at 3 levels (low, medium, high) and separated as above-ground biomass and below-ground soil carbon, all calculated in Petagrams (Pg; 1015 g). These represent the areas of each biome, multiplied by the C density values for each biome from Table 1 . Low and high values were originally provided to characterize the uncertainties surrounding the median values (Olson et al. 1983 , Zinke et al. 1984 and are provided here for comparison with data of other investigators (e.g. Prentice & Sykes 1993, Prentice et al. 1993b ) although w e analyzed only data on the medium C stocks. Values are calculated for the C stored in a terrestrial biosphere with no agriculture ('Without agriculture', Table 3 ), in a biosphere in which a lesser percentage of 'potential' agricultural land is actually used (i.e. 50.5 %; 'With sparse agriculture'), and in which all land capable of intense agriculture is so used ('With dense agriculture').
The C stocks under current climate estimated by the Biome model with sparse agriculture, and those estimated from the literature, are quite similar. Olson et al. (1983) provide above-ground estimates for low, medium and high biomass of 360, 558, and 807 Pg C, compared to our low, medium and high values of 383, 604, and 829 Pg respectively. For a world without agriculture, our medium biomass estimate of 754 Pg C compares reasonably well with that by Whittaker We have no measurement of global soil C disturbed by agriculture. However, for undisturbed soils, Zinke et al. (1984) estimated soil C at 1400 Pg, and Schlesinger (1977) estimated the value at 1456 Pg, compared to our medium soil C estimate of 1366 Pg (Table 3) . Hence, we concluded that the Biome model with its additional agricultural climate envelope adequately reproduces the expected values of today's global carbon stocks.
The difference between medium C stocks under modern climate and those under a doubled concentration of atmospheric CO2 is significant. With dense agnculture included in the calculation, C stocks decline in soils and in the terrestrial biosphere as a whole in all 4 cases (Table 3) . However, the C storage estimates form a dichotomy between the moderate (GISS, OSU) and the extreme (UKMO, GFDL) scenarios. The decline in biospheric C storage in the case of the moderate scenarios is negligible (1 1 to 13 Pg in a budget of 1700 Pg) but is clearly important in the extreme scenarios (147 to 151 Pg). Compared with total C losses, soil C losses are more similar for the 2 kinds of scenarios, ranging from 35 and 39 Pg (moderate scenarios) to 95 and 98 Pg (extreme scenarios). Patterns apparent in Table 2 suggest that the loss of C in soils occurs primarily because of the decline in area covered by high-carbon boreal and tundra soils, and secondarily, in broadleaved evergreen forests.
The dichotomy continues with sparse agriculture. Although carbon declines in all soils, and increases in all vegetation, the moderate scenarios show a total increase of 43 to 56 Pg while the extreme scenarios lose between 42 and 57 Pg of total carbon. Above-ground biomass values alone are less variable, but retain the dichotomy between moderate and extreme scenarios ( Table 3 ). The GISS and OSU scenarios gain about 70 Pg C each with sparse agriculture, and 27 Pg each with dense agriculture, compared with current climate effects. The extreme scenarios gain little with sparse agriculture, and lose about 52 Pg each with dense agr~culture. The gains in C stocks under the moderate scenarios are registered in wildland rather than in agricultural lands, primarily by large gains in tropical seasonal and rain forests, while land under these tropical biomes in the extreme scenarios increased little (Prentice & Sykes 1993) .
The potential role of agriculture in shifting the terrestrial carbon balance can be estimated by comparing the terrestrial C stocks when agriculture is included, as we have done above, with such calculations in the absence of agriculture (Table 3) , as has been the usual practice (e.g. Emanuel et al. 1985 , Leemans 1989 , Prentice & Fung 1990 , Smith et al. 1992 , Neilson et al. 1993 , Prentice & Sykes 1993 , Prentice et al. 1993b ). In the case of no agriculture, the Biome model estimates of C stocks project trends similar to those shown by others: above-ground biomass increases in all 4 cases, below-ground C decreases in all 4 cases, and total C increases slightly to moderately (16 to 104 Pg in a budget of 2100 to 2200 Pg) in all 4 cases. The dichotomy between moderate and extreme climate scenarios disappears in the no-agriculture estimates of aboveground C stocks (95 and 120 Pg for OSU and GISS respectively; 80 and 98 Pg for GFDL and UKMO respectively), although it is retained in soil C (-18 Pg each for GISS and OSU; -57 and -64 Pg for UKMO and GFDL respectively).
Beyond the obvious differences in which all scenarios generate carbon storage gains (no agriculture), slight gains to moderate losses (sparse agriculture), and moderate to large losses (dense agriculture), one may wish to consider how much difference there is among the dense, sparse, and no land use conditions. The disparity between Biome C estimates of warming impacts without agriculture and with sparse agriculture ranges between 33 Pg (OSU scenario) and 83 Pg (UKMO scenario). The disparity between Biome estimates of warming impacts without agriculture and those with dense agriculture ranges between 88 Pg (OSU scenario) and 188 Pg (UKMO scenario). In the perspective of reaching a climate associated with doubling of greenhouse gases in 50 to 100 yr (e.g. IPCC 1992), these results imply a terrestrial C source of about 0.3 to 1.7 Pg yr-' with sparse agriculture, and 0.9 to 3.8 Pg yr-' with dense agriculture, which is not accounted for in model runs that exclude impacts of agriculture on the global carbon cycle. Notably, the modeled climatic impact of the same warming, acting on equilibrium vegetation without agriculture (the 16 to 104 Pg cited above), is about the same but opposite in sign to the sparse agriculture carbon flux, generating a global C sink of 0.2 to 2.1 Pg yr-'.
DISCUSSION
The implications of the foregoing exercise are of most concern in 2 areas. First, the globe's carrying capacity for human populations is likely to depend largely on the amount of arable land in a future warmed and crowded world; this amount was projected by mapped distributions of climate-constrained farmlands today and in the future. Second, the earth's future role has been ambiguous as either a net source or a net sink for C in amplifying or ameliorating, respectively, the expected climatic warming. This role depends, in turn, on the changing carbon storage capacity of biomes in the terrestrial biosphere; these storage capacities were calculated, for the first time including the potential role of agriculture, from the mapped present and future distribution of biomes and farmed lands, multiplied by the estimated above-and below-ground C storage of each.
When we consider the potential distribution of agriculture projected by the climate scenarios, the importance of the scenarios themselves is immediately obvious. The scanty evidence in the literature suggests that the GFDL, and possibly GISS, scenario is likely to be more accurate for the purposes of this assessment (see 'Model exercise methods', above). Under this assumption, the expectation for future areas of potentially intensive agriculture is not bright. An increase in total agricultural land area between 22 and 32% is projected for the time required to reach the climate of doubled atmospheric COz, some 50 to 100 yr in the future. At current doubling rates of human populations (e.g. Keyfitz 1989 ) of 35 to 40 yr, the population to be supported by one-fourth to one-third more agricultural land would be 1 to 2' 12 times greater than it is today. Even under very conservative assumptions, Easterling et al. (1989) estimate increases of demand for food and fiber of 60 to 80 % by the time CO2 is expected to double, and they suggest a more likely value would be 2 to 2' 12 times greater than the demand of the mid1980s. Notably, the gains in agriculture are almost entirely in the developed countries of high latitudes, and the losses, in the less developed countries of the lower latitudes.
Perhaps more significant to human needs for food are the greater losses of already farmed lands calculated by the moderate scenarios compared to the extreme scenarios. These losses occurred almost exclusively in the driest of arable lands. Although developed countries may offset some of the losses with irrigation, the rapidly increasing populations in less developed countries produce great pressure on land resources, and hence, are most likely to undergo desertification in these peripheral areas. Even the extreme future scenarios increase only 32 to 38 % in new arable land, and their concomitant loss of currently arable land provides little ground for optimism concerning future food supplies.
The future role of agriculture in the response to climate change by the terrestrial C cycle, calculated in the foregoing analysis, appears to be at least as important as the role of the unmanaged biosphere alone. The difference between a global C cycle in which agriculture has no effect on responses to climate change and one in which agriculture acts to reduce C stocks by at least 33 to 83 Pg is significant. Assuming that climate change produced by a doubling of greenhouse gases occurs in 100 yr (a conservative assumption according to IPCC 1990), the 0.3 to 0.8 Pg yr-' contributed to the atmosphere by agriculture constitutes 5 to 10 % of current annual carbon emissions from fossil fuels (e.g. IPCC 1992).
The analyses we present above appear to be conservative estimates of coupled climate and agricultural impacts on the carbon stocks of the terrestrial biosphere. We do not include the transient response of vegetation and of C in soils, which are likely to generate a large source of atmospheric C from stressinduced forest dieback during the next century or so (e.g. Solomon 1986 , Schlesinger 1990 , Solomon & Leemans 1990 , King & Neilson 1992 , Prentice et al. 1993a , Smith & Shugart 1993 . In addition, we do not attempt to calculate decremental effects on biomass and soil C caused by irrigated agriculture or by increasing technological means (equipment, fertilizers, plant breeding) of making currently unusable land arable, a process likely to increase in importance with rapidly growing human populations.
On the other hand, we did not consider other processes suspected of increasing C storage in the terrestrial biosphere, i.e. by CO2 fertilization of unmanaged vegetation (e.g. Strain & Cure 1985 , Koerner 1993 and by growth of early successional forests which may constitute a much larger proportion of the global forest area than was previously thought (Brown et al. 1992) . In a now controversial paper, Tans et al. (1990) concluded that the terrestrial biosphere must be taking up 2 to 3.4 Pg of C annually, assuming the global ocean to be a sink for at most 1 Pg C yr-l. Subsequent measurements of oceanic C fluxes (Quay et al. 1992) imply an oceanic C sink of 2 Pg, still leaving 1 to 2.4 Pg C for the terrestrial biosphere to absorb.
If the terrestrial biosphere is taking up C as deduced by oceanographers, that is, if the implied causative processes of CO2 fertilization and early forest succession are operating, the C sequestration rate is likely to decline sharply in the future. With warming, high Cdensity forests and peatlands of temperate and high latitudes (hypothesized by e.g. Tans et al. 1990 to be acting at present as carbon sinks) are likely to be replaced with croplands in which no standing C stocks exist above ground, and reduced carbon densities dominate soils. Additional quantities of stored C are likely to be released when early successional forests over the globe also are replaced by agriculture and as agriculture occupies land which otherwise would be devoted to early forest succession. Finally, any enhancement of C fixation by increasing atmospheric CO2 concentrations should decrease because the C fertilization measured in greenhouses appears to be an asymptotic process in which greater atmospheric concentrations of CO2 generate less and less enhancement of C fixation (e.g. Regehr et al. 1975) .
A set of related processes can be discerned from the foregoing discussion. First, the growing human population, which is responsible for increased use of fossil fuels, generation of greenhouse gases and the predicted climate warming, is likely to be even more important to global ecological functioning in the future through its conversion of land to support its rapidly expanding need for food. Second, as much as one-third of the increased agricultural land use in the future may be in the form of expansion into regions previously never capable of supporting agronomic crops, permitted only because of the parallel warming. Third, that land conversion will play a pivotal and previously unaddressed role in reducing the capability of the terrestrial biosphere to sequester atmospheric C, a development which will enhance warming.
